The relationship between sterol uptake and heme competence in two yeast strains impaired in heme synthesis, namely, G204 and H12-6A, was analyzed. To evaluate heme availability, a heterologous 17␣-hydroxylase cytochrome P-450 cDNA (P-450c17) was expressed in these strains, and its activity was measured in vivo. Heme deficiency in G204 led to accumulation of squalene and lethality. The heterologous cytochrome P-450 was inactive in this strain. The leaky H12-6A strain presented a slightly modified sterol content compared to that for the wild type, and the P-450c17 recovered partial activity. By analyzing sterol transfer on nongrowing cells, it was shown that the cells were permeable toward exogenous cholesterol when they were depleted of endogenous sterols, which was the case for G204 but not for H12-6A. It was concluded that the fully blocked heme mutant (G204) replenishes its diminishing endogenous sterol levels during growth by replacement with sterol from the outside medium. Endogenous sterol biosynthesis appears to be the primary factor capable of excluding exogenous sterol. Oleate but not palmitoleate was identified as a component that reduced but did not prevent sterol transfer. Sterol transfer was only slightly affected by a lack of esterification. It is described herein how avoidance of the potential cytotoxicity of the early intermediates of the mevalonate pathway could be achieved by a secondary heme mutation in erg auxotrophs.
Wild-type yeast cells are permeable toward exogenous sterols during anaerobiosis but not during aerobiosis. In the absence of oxygen, the metabolism of the yeast cell is affected at different levels. Indeed, oxygen is required for the synthesis of ergosterol, first at the level of 2,3-oxidosqualene formation and then for several demethylation and desaturation steps catalyzed by hemoproteins such as the ERG11, ERG25, ERG3, and ERG5 gene products (2, 4, 30, 42) . Furthermore, heme is the prosthetic group of different hemoproteins or enzymes involved in important physiological functions of yeast cells, such as respiration (cytochromes of the mitochondrial respiratory chain), detoxification (peroxidase and catalases), sporulation (7) , and sterol and unsaturated fatty acid (UFA) metabolism involving cytochrome b 5 and P-450s (reviewed in references 23 and 24). Accordingly, apart from having an obligate fermentative metabolism, heme mutants have a requirement for sterol, methionine, and UFAs.
The isolation of mutants deficient in ergosterol biosynthesis (erg mutants) from yeast cells is possible only in the presence of a secondary heme mutation (21, 22) . This has stimulated analysis of the relationship between the heme status and sterol uptake in erg mutants. When sterol uptake was analyzed in a hem1 erg7 double mutant (31) , it could be shown that the sterol uptake is inversely correlated with the endogenous sterol content (sterol-dependent uptake).
Mutants blocked in the late steps of the ergosterol pathway (comprising erg6 [19] , erg2 [1] , erg3 [2] , erg4 [27] , and erg5 [42] and here designated late erg mutants) do not require any added sterol for their growth on glucose or at most low ergosterol levels for sparking of growth on oxidative substrates (43) . The erg11, erg24, and erg25 mutants blocked, respectively, in cytochrome P-450 lanosterol 14Љ-demethylase, C14-sterol reductase, and C4-sterol demethylase have been desecribed as obligate anaerobes (29) , which can also be grown when they are associated with suppressor mutations. In particular, an erg11 mutation can be relieved by an erg3 mutation (3, 46, 49) , an erg24 mutation can be relieved by the suppressing effect of fen1 (25) and by complete synthetic medium (12) , and erg25 can be relieved by the epistatic effect of an erg11 mutation associated with a supplementary leaky heme mutation required for ergosterol uptake (18) . Mutations in the early genes specific for ergosterol biosynthesis (here designated early erg mutants), i.e., erg9 (16) , erg1 (20, 28) , and erg7 (11, 40) , lead to strains which need the heme-deficient state to achieve the ergosterol uptake required for their growth (21, 22, 44) . The term aerobic sterol exclusion has been coined to describe this process, which is independent of sterol-dependent uptake. When the hem1 strain (G204) was made heme competent by addition of ␦-aminolevulinic acid (ALA), exogenous cholesterol uptake was reduced to a minimum (41) . In the absence of heme precursors, this strain not only contained wild-type levels of membrane sterols, mostly ergosta-5,7-dienol, but was able to take up high levels of exogenous sterols (41) . Aerobic sterol exclusion resulted in more than 70% reduction in the uptake of exogenous cholesterol when a hem1 erg1 double mutant was rendered heme competent, compared to the heme-deficient state (32) .
The aim of the present study was to analyze the conditions for uptake of extracellular sterol in Saccharomyces cerevisiae. This study took advantage of mutants blocked in the heme biosynthetic pathway because they grow under aerobic conditions and are permeable to exogenous sterols when they are heme depleted. Heme and sterol biosynthesis can be restored by the addition of heme precursors to the growth medium. A number of physiological indicators, such as viability, sterol composition, and the extent of uptake or transfer, were monitored. The results led to a better understanding of factors governing sterol uptake by yeast cells.
MATERIALS AND METHODS
Yeast strains. The heme status of the G204 mutant strain (MAT␣ his4 hem1-5 (48) is controversial. Although this strain was first described as a completely blocked hem1 mutant (48) , it was later revealed to be a leaky mutant (41) . In our hands, growth on glucose ceased at an optical density at 600 nm (OD 600 ) of 2 (see Table 1 ) due to heme depletion and mortality (see Results); growth in the presence of excess hemin or ALA ceased at an OD 600 of 20, whereas growth of the strain after addition of excess ergosterol, Tween 80 (as a source of UFA), and methionine ceased between 6 and 10 OD units. It was suggested that the difference in growth yields resulted from an oxidative or fermentative metabolism. A second strain, H12-6A (MATa ura2 leu1 hem13-3
in an SP4 background) (5). H12-6A was a leaky heme mutant, whose heme content was fivefold less than the parental SP4 heme content, namely, 12 to 14 nmol of heme/g (dry weight [DW] ). The strain grows well without additions but lacks catalase and peroxidase activities.
The HEM1 gene was deleted by recombination with a hem1::LEU2 disruption cassette transformed into strains FY1679-28c (47) and CDS04 (FY1679-28c [are1::neo are2::HIS3]). Selection was for leucine prototrophy on synthetic minimal medium (39) supplemented with ALA at 50 g/ml. Heme deficiency was confirmed by the absence of growth on yeast-peptone-dextrose (YPD), unless in the presence of ergosterol, oleate, and methionine. The hem1-deleted strains were named FYH04 and CDSH04, respectively.
Growth conditions. For sterol uptake and in vivo progesterone bioconversion, the cells were grown in YPD medium (39) , with additions as indicated in Tables  1 to 3 . The culture was inoculated to an OD 600 of 0.1 (10 6 cells/ml) with cells grown on YPD solid medium and, in the case of G204, on YPD medium containing 50 g of ALA per ml.
For sterol transfer analysis, cultures were started with an inoculum (prepared as described above) at an OD 600 of 0.05 and were shaken for 40 h at 28°C. Heme-depleting conditions were attained for the hem1 strains (G204, FYH04, and CDSH04) in YPD medium containing 50 g of methionine per ml and 1% (vol/vol) Tergitol Nonidet P-40-95% ethanol (1:1 [vol/vol]) (Tergitol-ethanol), unless otherwise indicated. Heme competence was maintained for the wild-type FL200 by growth on YPD medium and for the hem1 strains by supplementation with 100 g of ALA per ml. In all cases, the OD values were multiplied by 0.23 mg to obtain the corresponding numbers of milligrams (DW) per milliliter.
Cell survival. Survival after 40 h of growth was measured by diluting the cells in distilled water and counting the numbers of CFU on YPD solid medium containing 50 g of ALA per ml. Heme deficiency was then confirmed by the absence of growth on YPD.
Expression of the P-450c17 cDNA. The bovine P-450c17 cDNA (15, 36, 54) was inserted under the control of the TEF1 promoter on a medium-copy-number plasmid associated with the neo gene of Tn5 as the selection marker. The framework of the plasmids and cloning by recombination in Escherichia coli (14) have been described elsewhere (13) . The expression plasmid was called pTG10710.
Western blotting. After 24 h of growth, the cells were harvested and lysed with glass beads. Protein amounts were determined according to the method described by Bradford (6) with a reagent purchased from Bio-Rad and bovine serum albumin as the reference. A 20-g amount of protein per crude extract was resolved by sodium dodecyl sulfate-12% polyacrylamide gel electrophoresis performed according to the method described by Laemmli (26) . Proteins were electroblotted onto a nitrocellulose (Millipore) membrane. Recombinant bovine P-450c17 was detected by probing with rabbit anti-P450c17 serum, followed by anti-rabbit immunoglobulin G (biotinylated) and streptavidin-horseradish peroxidase conjugate (Amersham). Immunoreactive proteins were visualized with the ECL detection system (Amersham) according to the manufacturer's instructions.
In vivo P-450c17 activity. P-450c17 activity was probed by analysis of in vivo conversion of progesterone to 17␣-hydroxyprogesterone by growing cells in YPD medium supplemented with progesterone (solubilized in Tergitol-ethanol) at 100 g/ml. The final Tergitol-ethanol concentration in the medium was 0.5%. After 24 or 48 h of growth, samples of the whole culture were taken and 250 l was extracted twice with 5 ml of dichloromethane. Steroids were separated by reverse-phase high-performance liquid chromatography (HPLC; HP1090; Hewlett-Packard) under isocratic conditions with 60% acetonitrile in water with an Ultrasphere octyldecyl silane column (Beckman) at 45°C at a flow rate of 1 ml/min and were detected at 240 nm. Extraction efficiency was internally calibrated with 11-deoxycortisol as a standard.
Sterol uptake analysis. Sterol uptake was measured for yeast strains grown in 30 ml of YPD medium with the addition of 10 g of [4- 14 C]cholesterol (5,000 dpm/g) per ml, prepared from a stock solution supplied by NEN (at 54 mCi/ mmol and 40 Ci/ml of ethanol) or by Amersham (at 53 mCi/mmol and 50 Ci/ml of ethanol). Cholesterol was added from a 5-mg/ml stock solution in Tergitol-ethanol. Samples were collected by removing 10 ml of cultures after 22 and 46 h of growth. After centrifugation, the cells were washed three times with 0.5% (vol/vol) Tergitol NP-40 and once with water. The radioactivity accumulated in the cells was counted by liquid scintillation (41) .
Sterol transfer analysis. Sterol-depleted cells were collected by centrifugation and were washed once in 0.5% (vol/vol) Tergitol NP-40 and twice in Tris-EDTA (TE) buffer (pH 7.5) (37) and used for cholesterol transfer. Cells were suspended in TE buffer, and [4- 14 C]cholesterol, solubilized in Tergitol-ethanol, was added at a concentration of 100 g per ml at a specific activity of 10,000 dpm/g. The final concentration of Tergitol-ethanol was 4%. The transfer reaction was performed at 30°C with shaking and was started by the addition of a cell suspension at a final density of 20 OD U/ml. At 10-min intervals, samples of 100 l were collected, centrifuged, and washed as described above for sterol uptake analysis. Controls showed that increasing the number of washes with Tergitol did not further decrease radioactivity, nor did a prolonged (1-h) treatment of the cells with 4% Tergitol. The amount of cholesterol transferred to the cells was expressed in micrograms per milligram (DW). The results are reproducible when the following two parameters are taken into account: (i) the time period of heme depletion (40 h was found necessary and sufficient and has been used throughout) and (ii) addition of ALA to the growth medium used for preparing the inoculum (see Results and Fig. 1 ). Nevertheless, it was technically difficult to avoid some sterol transfer at time zero (t 0 ); i.e., the time required for washing the cells was significant compared to a fast initial cholesterol transfer reaction. In accordance with this, more cholesterol was transferred at t 0 for more permeable cells (e.g., see Fig. 1 ). In impermeable cells, maximal transfer was completed within 20 to 60 min, whereas transfer lasted for more than 60 min in the permeable cells but declined.
Sterol-ester analysis. Lipids were extracted by dimethyl sulfoxide-dichloromethane treatment of the cells as described elsewhere (34) . Samples were applied onto silica gel plates (Silica Gel 60; Merck), and the plates were developed with hexane-diethyl ether-acetic acid (70:30:2 [vol/vol/vol]). Sterols were detected by spraying with sulfuric acid (40%), followed by heating to 65°C for 20 min. The amounts of free and esterified [4- 14 C]cholesterol were quantified by scanning the thin-layer chromatography (TLC) plate with an Automatic TLClinear analyzer (LB2832; Berthold).
Sterol analysis. Sterol extraction after saponification of lyophilized cells and analysis were performed as described previously (33) . ⌬5-7 sterols (ergosterol and ergosta-5,7-dienol) were quantified by measuring the UV absorbance at 281.5 nm (38) . Analysis of ⌬5-7 sterols by HPLC was conducted as described elsewhere (50). For gas-chromatography (GC) analysis, a GC6000 (Carlo-Erba) supplied with a flame ionization detector and an on-column injector was employed. The capillary column was an RSL150 column (Alltech). Sterol composition was determined based on retention times relative to that of cholesterol, which was used as an internal standard (33) .
RESULTS
Effect of heme status on progesterone bioconversion. The activity of a heterologous cytochrome, P-450, was used to probe heme availability in yeast. Indeed, bovine P-450c17 was shown previously to be expressed from a high-copy-number vector to 0.4% of the total microsomal proteins (15) . We hypothesized that the dispensable P-450c17 can compete with endogenous hemoproteins for their prosthetic group and, therefore, can reveal heme availability. The heme-requiring strains (G204 and H12-6A) were transformed with pTG10710 and analyzed for production of the P-450c17 antigen by Western blot analysis. The results show that a specific immunoreactive antigen with an estimated apparent molecular mass of 57 kDa, corresponding to that for P-450c17, was present. Moreover, whatever the growth conditions used (absence or presence of hemin or the heme precursor ALA), the P-450c17 antigen was present at roughly the same level. Thus, the endogenous heme level does not seem to have an effect on P-450c17 antigen stability.
As a probe of cytochrome P-450c17 activity, the bioconverting ability of the heme mutant G204, which was affected in the HEM1 gene encoding the ALA synthase (48), was tested. Transformants were submitted to a bioconversion assay with progesterone as the substrate (Table 1) . When the G204/ pTG10710 strain was supplemented with its growth requirements (ergosterol, Tween 80, and methionine), bioconversion was practically nil. Addition of hemin or ALA at 50 g/ml allowed achievement of the level obtained with other strains (reference 15 and unpublished data). Maximal bioconversion was attained after 24 h of growth when the medium was supplemented with ALA, but only after 48 h of growth when it was supplemented with excess hemin. Thus, the results obtained with G204/pTG10710 show an absolute requirement for heme (hemin or its precursor ALA) for P-450c17 activity as measured by progesterone bioconversion. These results reveal that the G204 strain was fully blocked in its heme and hence ergosterol biosynthesis.
The leaky heme mutant strain H12-6A was affected in the HEM13 gene (5) and synthesized about 20% of the wild-type heme level (5) . This is sufficient to provide the cell with functional cytochrome b 5 , P-450s, and hemoproteins to synthesize the methionine, UFA, and ergosterol necessary for growth (5) . Bioconversion of progesterone by H12-6A/pTG10710 was obtained, but its level was low (25% of control) in medium lacking heme. When the strain was supplemented with heme-sparing products such as ergosterol, methionine, and fatty acids, the level of bioconversion of progesterone by P-450c17 was not increased. This indicates the absence of a feedback mechanism on the heme biosynthetic pathway involving these compounds. In the presence of a roughly constant apoprotein level, an increasing hemin supply correlated with an increase in the level of bioconversion (Table 1) . Bioconversion activity is at least a semiquantitative measure of the heme status of cells and shows that P-450c17 is capable of acquiring heme, even under hemelimiting conditions.
Influence of competition for heme on sterol composition. The extent of the competition for heme between P-450c17 and endogenous P-450s could be indirectly probed in the heme mutants by measuring their sterol compositions. Especially the extents of accumulation of squalene, lanosterol, or ergosta-5,7-dienol were able to reveal the activity of the hemoproteins involved in ergosterol biosynthesis.
The sterol composition of the heme-depleted G204 strain showed a strong squalene and lanosterol accumulation; this composition shifted toward that of the wild type upon addition of ALA (Table 2) . These results are consistent with a complete block in heme biosynthesis (48) .
The sterol pattern of the heme-leaky H12-6A strain (Table  2 ) differs from those of its parentals (SP4 and FL200) and the hem1 strain. Although the levels of squalene and lanosterol were unchanged compared to those of the parent strains, a strong decrease in the ratio of ergosterol to ergosta-5,7-dienol was observed. This ratio was Ն3 for the wild-type strains but was 1.4 for H12-6A. The addition of hemin restored wild-type levels. This result demonstrates that both P-450s specific to the ergosterol pathway were affected by the leaky heme condition. When heterologous P-450 was overexpressed, the ratio of ergosterol to ergosta-5,7-dienol decreased from 1.4 to 0.5 with a slightly reduced ⌬5-7 sterol amount. Addition of hemin to the culture medium modified the sterol pattern, reaching at least the level of the H12-6A strain (without heterologous P-450 overexpression) or even that of the wild-type strain.
In summary, our results confirm that the G204 strain is completely blocked in its heme biosynthesis. In contrast, overexpression of heterologous P-450 in H12-6A clearly competed with the endogenous P-450s for heme supply. Furthermore, the sterol composition of H12-6A paralleled, at least qualitatively, that of the G204 strain described by Shinabarger et al. (41) ; when the strain was grown with a limited supply or in the absence of heme precursors (ALA), ergosta-5,7-dienol accumulated. The ratio of ergosterol to ergosta-5,7-dienol decreased, yet the strain was capable of taking up high levels of a Bioconversion was normalized to the maximum level (100%) obtained after 48 h under heme-competent conditions. The absolute values (expressed in micrograms of progesterone transformed into 17␣-hydroxyprogesterone per milliliter of medium), normalized for 10 OD units, were 40 g/ml for G204/ pTG10710 and 25 g/ml for H12-6A/pTG10710, after 48 h.
b Tween 80 was added to a final concentration of 1% (vol/vol). c -, not determined. exogenous sterol (41) . The study of sterol uptake in strain H12-6A was of special interest, since not only did it contain sterols, but its heme content was significantly reduced compared to that of the wild type, especially upon coexpression of P-450c17. Sterol uptake in heme mutants during growth. Exogenous sterol uptake in both heme mutants expressing cytochrome P-450c17 cDNA was measured to exaggerate their heme deficiencies. The growth of the transformed mutants in medium containing cholesterol (Table 3) shows that addition of UFAs, methionine, and an excess of ergosterol, which leaves the heme status of the cells unchanged (see above), completely shut off the uptake of cholesterol in both strains. As expected, a maximal sterol uptake occurred for the G204 mutant grown on unsupplemented medium, which was reduced to 3 to 7% upon addition of ALA or hemin (Table 3 ). In contrast, the H12-6A mutant, with only 20% of the heme content of the wild type (48), showed a significant but low level of uptake, which was completely abolished upon addition of hemin. To measure sterol uptake while avoiding heme depletion during growth, we decided to study uptake kinetics in the absence of growth. This measurement offers an estimate of the uptake capacity of cells whose sterol composition is defined initially.
Cholesterol transfer in the absence of growth. A kinetic method (see Materials and Methods) has been developed to measure sterol transfer at high cell density and during short time intervals for strain G204. The results show that the rate of sterol transfer in heme-depleted cells was maximal only in the absence of ALA (Fig. 1) . Sterol transfer occurred only when ergosterol biosynthesis was arrested (Table 4 ) and when squalene, and to a lesser extent lanosterol, accumulated. The viability of the heme-depleted cells decreased to 4%. This is not per se incompatible with sterol uptake, since viability and cellular energy are not required (31) for this process.
The time course of the sterol transfer is shown in Fig. 1 . A value for the heme-depleted cells of 0.2 Ϯ 0.02 g/10 min/mg (DW) (mean of four independent measurements of four different cultures) was obtained. At this rate, the maximal cholesterol content of permissive cells, which was reported to attain 4 g/mg (DW) (32), would be attained in 3 to 4 h. Comparison of sterol transfer in strains H12-6A and G204 showed that the heme-mediated sterol exclusion could be an indirect effect resulting from resumption of sterol biosynthesis when G204 was rendered heme competent.
Influence of ergosterol and UFAs on cholesterol transfer. As shown in Fig. 1 , heme-depleted cells are largely inviable but are nevertheless able to transfer cholesterol efficiently. Sterol transfer in the absence of growth allows assessment of the influence of all requirements resulting from heme deficiency (methionine, UFA, and ergosterol) on transfer. Sterol transfer on G204 cells which were loaded with oleate or palmitoleate with or without ergosterol during heme depletion was measured. Whenever the cells were loaded with ergosterol (without or with oleate or palmitoleate), transfer was very low compared to that for the wild-type strain or the G204 strain made fully heme competent (Fig. 2) . The viability of these cells was somewhat less than the level obtained with heme-competent cells (Fig. 2) . It is to be concluded that the sterol content defines the rate and extent of sterol transfer or uptake, independently of heme status.
On the other hand, heme-depleted cells or palmitoleateloaded, heme-depleted cells showed maximal sterol transfer rates (Fig. 2) . Viability decreased to very low levels. Sterol transfer measured on oleate (or Tween 80 [data not shown])-loaded, heme-depleted cells decreased, whereas cell yield and viability improved over those for the completely heme-depleted cells. The reduction (measured over a 60-min period) amounted to three-to fourfold compared to fully heme-depleted cells. The difference is similar to that observed for uptake between a heme-competent and a heme-deficient hem1 erg1 strain (32) . It may be concluded that one aspect of the aerobic sterol exclusion is the cells' capacity to synthesize oleate.
Sterol analysis in heme-depleted cells. Sterol composition in heme-depleted cells prepared under different conditions was analyzed. When cells contained ergosterol, low sterol transfer rates were observed (Table 4) . However, a comparable amount of lanosterol (Table 4) did not prevent sterol transfer. The presence of high amounts of squalene (Table 4) ergosterol. The sterol composition of the oleate-loaded, hemedepleted cells did not explain their low sterol transfer capacity. A number of observations allowed the correlation of sterol content and lethality observed under the different culture conditions. A low rate of survival was correlated not with the presence of unidentified peaks or with the accumulation of lanosterol ( Fig. 2 ; Table 4 ) but with the presence of squalene, in the absence of ergosterol. If the presence of ergosterol or heme competency protected the cells from dying, interestingly, a reduction of squalene content, due to the presence of oleate but not palmitoleate, had the same positive effect on viability.
Cholesterol transfer is independent of sterol esterification. Esterification of absorbed sterol might influence the kinetics of the transfer reaction (44) . This possibility would be in agreement with the fact that in yeast, cholesterol is deposited mainly in the steryl ester fraction (35) . Recently, two genes, ARE1 and ARE2, whose products are implicated in the esterification of sterols in yeast, were identified (51, 52) . Strain CDS04 contains null alleles of both ARE1 and ARE2 genes and consequently no longer accumulates either steryl esters or cholesteryl esters (reference 51 and data not shown). A hem1 deletion was introduced into strain CDS04 and its parent, FY1679-28c, by gene replacement.
The results (Table 5) show that the absolute amount of sterol transferred by the heme-depleted CDSH04 (hem1 are1 are2) strain was reduced by about 20% compared to the ARE parent strain. During the first hour of transfer, no evidence for the appearance of esterified cholesterol was found. It follows that the effect of oleate on sterol transfer did not operate through its esterification.
DISCUSSION
In this study, we analyzed the role of heme competence with respect to three aspects of cell metabolism: (i) generation of active P-450 enzymes, (ii) alteration in sterol composition, and (iii) permeability toward cholesterol.
Coexpression of a heterologous P-450 as an indicator of heme status. Physiological differences between a heme auxotroph, G204, and a leaky heme mutant, H12-6A, were uncov-
Cholesterol transfer on the heme-depleted G204 strain loaded with oleate. Cholesterol transfer was analyzed for G204 strains previously grown for 40 h in YPD medium supplemented with 50-g/ml methionine and 1% (vol/vol) Tergitol-ethanol (s); 0.05% (vol/vol) palmitoleate, 50-g/ml methionine, and 1% (vol/vol) Tergitol-ethanol (); 0.05% (vol/vol) oleate, 50-g/ml methionine, and 1% (vol/vol) Tergitol-ethanol (‚); and 0.05% (vol/vol) palmitoleate, 80-g/ml ergosterol, 50-g/ml methionine, and 1% (vol/vol) Tergitol-ethanol (ϫ). Wild-type FL200 (F) was included to show basal transfer level. Survival and OD 600 values, respectively, were 7% and 1.9, 8% and 1.0, 73% and 8.1, 64% and 5.8, and 100% and 21.6. Kinetics of cholesterol transfer were measured as described in Materials and Methods. Repeat experiments show essentially the same results. Cholesterol transfer rates measured for the G204 strain grown on medium supplemented with ALA (100 g/ml); with ergosterol, methionine, and Tergitol-ethanol; and with oleate, ergosterol, methionine, and Tergitol-ethanol have not been included because their rates were superposable to that of FL200. Survival and OD 600 values, respectively, were 100% and 22.1, 47% and 3.4, and 74% and 7.1. Similarly, the kinetics obtained for 1% (vol/vol) Tween 80 and methionine were superposable to those of oleate, methionine, and Tergitol-ethanol. ered. The G204 strain under aerobiosis conditions behaved as a wild-type yeast cultured under anaerobiosis. It took up considerable amounts of sterol (Table 3) as described by Shinabarger et al. (41) . The heterologous P-450c17 antigen levels remained unchanged independently of the exogenous heme supply. However, P-450c17 was inactive, in agreement with the data of Urban-Grimal and Labbe-Bois (48), indicating a lack of heme pigments.
On the other hand, the leaky heme H12-6A mutant showed various modifications of its sterol pattern resulting from lowered heme-dependent endogenous enzyme activities. Moreover, overexpression of heterologous P-450c17 (H12-6A/ pTG10710) led to a reduced ratio of ergosterol to ergosta-5,7-dienol ( Table 2 ). The heterologous P-450c17 presents partial activity, as probed by a fast and sensitive bioassay. Both of these observations indicate that a competition between hemoproteins for the incorporation of heme exists. Clearly, yeast cell enzymes have a hierarchy in the fulfillment of their heme requirements (28) .
Sterol uptake during growth occurs in the absence of ergosterol. We have shown that G204 is fully permissive for uptake during growth (41) or transfer in nongrowing cells. In contrast, H12-6A is much less competent for uptake of exogenous sterols. Importantly, H12-6A contains the same levels of ergosterol and ergosta-5,7-dienol previously reported for the G204 (hem1) strain (41) . Is the G204 strain able to take up sterols despite the presence of cyclic sterols, whereas H12-6A is much less able to do so? In order to solve this discrepancy, a method to measure sterol transfer (see below) on nongrowing cells was developed. The cells were grown either under complete heme depletion conditions or with small amounts of ALA. When ALA was present in the growth medium, the cells contained ergosterol and ergosta-5,7-dienol, and cholesterol transfer was reduced (Fig. 1) . On the other hand, completely heme-depleted G204 cells contained only squalene and a small amount of lanosterol instead of ergosterol and ergosta-5,7-dienol. These cells were inviable. The mortality observed with the hem1 strain explains the discrepancy between the sterol profile found in this study and that reported by Shinabarger et al. (41) . Indeed, the latter authors studied sterol uptake during growth, which requires viable cells which were not fully depleted of sterol. The remaining level of sterols is comparable to that of the leaky hem13 strain analyzed in the present study. It follows that the partially heme-depleted (but viable) G204 strain is capable of counterbalancing the dilution of its endogenous sterols during growth by replacement with exogenous sterols.
Esterification is not a driving force in sterol transfer. It has been shown that uptake and esterification are used to control the types of sterols in the free sterol fraction, leading to a relative enrichment of ergosterol-like sterols (35, 45) . In particular, no esterification occurs when ergosterol is supplied in the outside medium, whereas other sterols (such as cholesterol) are esterified (45) . Ergosterol is localized to the plasma membrane (53) , whereas esterification occurs in the microsomal fraction (53) and could be a driving force for (chole)sterol transfer. Therefore, it was of interest to analyze whether the mutants unable to esterify sterols (51, 52) were still capable of sterol transfer. The contribution of the ester synthases to the transfer reaction was small. It follows that the leveling off of the initial transfer reaction did not reflect a saturation of the steryl ester pools. The membranes incorporated ergosterol more readily than any other sterol tested in competition experiments (45) . Furthermore, as shown here, cholesterol transfer was virtually abolished when the cells were loaded with ergosterol prior to (cholesterol) transfer. Finally, it was shown that cholesterol transfer is not affected by a lanosterol content equivalent to the level obtained at ergosterol saturation.
Oleate but not palmitoleate can reduce sterol transfer rates. In contrast to palmitoleate, oleate-fed, heme-depleted cells incorporated cholesterol at lower rates. This could indicate the modified physical properties of the (plasma) membrane, in which oleate could influence sterol insertion, as suggested by others (8), while palmitoleate had no effect. The reduction in the rate of sterol transfer observed in oleate-fed, heme-depleted cells correlated with that found during growth of a hem1 erg1 strain rendered heme competent with ALA. This suggests that the oleate formed during heme competency is responsible for the reduction in sterol uptake in the hem1 erg1 strain. The estimated amount (0.4 g/mg [DW]) taken up during the first hour was close to the minimal vital amount, which was estimated to be 0.3 to 0.6 g/mg (DW) (31, 32) . However, the extent of the reduction in sterol uptake by oleate suggests that this is not the mechanism which explains the anaerobic nature of early erg mutants. Why, then, are early erg mutants obligate anaerobes?
Viability of early erg mutants could depend on adjusted hydroxymethylglutaryl-coenzyme A reductase (HMGR) levels. Hampton et al. (19) suggested that ergosterol biosynthesis represents a sink which could reduce or prevent buildup of the early intermediates of the mevalonate pathway, involved in the conversion of acetyl coenzyme A into farnesyl pyrophosphate, and of squalene. These intermediates are potentially toxic due to the physical properties of these molecules (8, 10, 19) .
The need for a secondary heme mutation to rescue early erg mutants is understood by the physiological consequence of heme deficiency. This reduces the accumulation of toxic mevalonate pathway intermediates. Indeed, Casey et al. (9) have shown that heme deficiency dramatically reduces mevalonatederived nonsaponifiable lipid production in yeast cells by a decreased flux through HMGR1. During heme competence, yeast cells have a stable and high flux through HMGR1, which in early erg mutants-grown under aerobioc conditions-is no longer feedback regulated by ergosterol (9) . The predictable accumulation of cytotoxic intermediates causes cell death. Under conditions of heme depletion, synthesis of HMGR2 increases (9, 19) , while HMGR1 remains at a minimum. Hemedepleted cells lose their viability and accumulate high levels of squalene, indicating that the mevalonate pathway is not coordinately regulated. Furthermore, oleate-fed, heme-depleted cells, in comparison to heme-depleted cells or palmitoleatefed, heme-depleted cells, contain less sterol, in particular squalene, and remain viable (references 8 and 9 and the present work). The reduction in squalene content is in accord with the feedback inhibition of HMGR2 by oleate (or derivatives) (9) , which in the absence of heme activation of HMGR1 allows the cell to remain viable. This hypothesis agrees with the effect of a leaky erg12-2 mutation, which affects mevalonate kinase while reducing the overall flux through the mevalonate pathway and rescues erg20 mutants defective in farnesyl diphosphate synthase from aerobic death (10) .
